ABSTRACT: An enantioselective approach to (-)-isoavenaciolide was achieved starting from 1-undecyn-3-ol. The synthesis relied upon the preparation of a chiral 4-silyloxy-2-alkenylborane by hydroboration of a protected 2,3-allenol and subsequent stereoselective addition to 2-thiophenecarboxaldehyde.
Introduction
Isoavenaciolide ((-)-1) is a member of a distinct family of α-methylene-bis(butyrolactones) natural products isolated from the fermentation broth of Aspergillus and Penicillium species. 1 This secondary 2 metabolite displays a broad spectrum of antibacterial and antifungal properties and inhibits vaccinia H1 On account of its biological activity and its interesting bislactone skeleton numerous enantioselective synthesis have been reported. 3 Most of the initial approaches relied either on the transformation of chiral natural products 4 or on the Sharpless epoxidation. 5 Only recently have other stereoselective methods been used to synthesize this molecule. 6 In our search for new approaches to the preparation of polyhydroxylated frameworks we have developed a stereoselective method for the preparation of 1,3-diols based on a tandem process that involves hydroboration of a chiral protected 2,3-allenol followed by addition of an aldehyde. 7 We anticipated that this methodology could be applied to the synthesis of (-)-isoavenaciolide as a representative example of this family of compounds. In our retrosynthetic analysis of (-)-1, the methylene group would be introduced in the last step from bislactone 2 that would arise from dihydroxy diacid 3. Such a structure could be prepared by a double oxidation of a homoallylic diol that can be synthesized stereoselectively with our methodology (Scheme 1). Scheme 1. Retrosynthetic analysis of (-)-1.
Results and Discussion
The synthesis was initiated by preparation of the enantioenriched allenol 4. 2,3-Allenols can be easily obtained from the corresponding propargylic alcohols by a Cu(I)-mediated homologation process with paraformaldehyde. 9 Among the variety of methods available for the synthesis of enantiopure 1-alkyn-3-ols such as (S)-5, we preferred to employ one based on enzymatic resolution. 10 Thus, kinetic resolution of 1-undecyn-3-ol (±)-(5) with Novozym 435 (Candida antarctica lipase) and vinyl acetate afforded enantioenriched (S)-5 as acetate 6 that was hydrolyzed and homologated to allenol 4 under the conditions described above (Scheme 2). Scheme 2. Preparation of enantioenriched allenol 4
Our recently-described methodology of addition of protected 2,3-allenols to aldehydes is based on the hydroboration of an allene and the addition of the transient 2-alkenylborane to an aldehyde (Scheme 3).
Initially, the borane adds to the sterically less hindered face of the allene to form a (Z)-2-alkenylborane.
The addition of an aromatic aldehyde to this then affords a syn,anti homoallylic alcohol through a 6-membered transition state. The anti relationship between the vinyl and hydroxyl groups arises from the stereochemistry of the olefin (Z) whereas the syn relationship of the vinyl and the silyloxy groups derives from the face of the aldehyde that is added to the chiral 2-alkenylborane. An important feature of our method is that the kinetically formed (Z)-borane isomerizes to the thermodynamically more stable (E)-2-alkenylborane at room temperature, such that when the aldehyde is not added immediately, isomerization can occur and the syn,syn stereoisomer is obtained as the major product. Consequently, the syn,anti stereoisomer is only obtained as the major isomer when an aromatic aldehyde is employed and the (Z)-borane is trapped before isomerization. In the case in hand, since the required stereochemistry was syn,anti (Scheme 2), an aromatic aldehyde was required in order to ensure high stereoselectivities. 12 Among the different possibilities, we chose 2-thiophenecarboxaldehyde on account of its being easier to oxidize at a later stage in the synthesis. In previous studies, 7 we have shown that the TBS group is a very convenient option for the protection of 4 in these additions, whereas other silicon-based protecting groups such as TBDPS lowered the stereoselectivity of the addition. Thus, allene 7 was prepared by protection of allenol 4 with TBSchloride (Scheme 4), and its addition to 2-thiophenecarboxaldehyde gave a diastereomeric mixture (dr Scheme 4. Addition of allene 7 to 2-thiophenecarboxaldehyde The oxidation of the terminal olefin in syn,anti-8 to a carboxylic acid was planned to take place in two steps: initial regioselective oxidation of the vinyl group to the primary alcohol followed by concomitant oxidation 14 of this and the thiophene with NaIO 4 /RuCl 3 which would afford dicarboxylic acid 3.
An expeditious method for achieving this turned out to be protection of both oxygens of syn,anti-8 as acetyl groups (Scheme 5). Thus deprotection of the TBS group of 8 afforded diol 9 and its acetylation gave diacetylated olefin 10. This was then hydroborated with dicyclohexylborane and the resulting borane was oxidized at neutral pH to afford 11. Simultaneous oxidation of the alcohol and the thiophene moiety then afforded dicarboxylic acid 12 in good yield. Nevertheless, hydroboration/oxidation of syn,anti-8 did require care in its execution. Basic oxidations of the borane intermediate (with H 2 O 2 /NaOH) promoted the migration of an acetyl group to the primary alcohol of 11 and crude 11 required immediate purification in order to avoid its decomposition. Protective group migration could not be avoided by switching to temporary silicon-based groups such as TBS or TBDPS nor by using other hydroborating systems such as BH 3 :SMe 2 or catecholborane/Rh (Table 1) . Neither were yields of 11 improved using these reagents. 
Conclusions
The enantioselective synthesis of (-)-isoavenaciolide (1) described here constitutes a direct application of our recent stereodivergent approach to 2-vinyl-1,3-diols based on a tandem allene hydroboration/aldehyde addition process to natural product synthesis. This approach takes advantage of the good facial discrimination of aromatic aldehydes by the transient chiral (Z)-2-alkenylborane formed from a chiral allene. Temporary protection of 1,3-diol 9 as its diacetate 10 very conveniently facilitated the oxidation steps that led to diacid 12 that then cyclized to bislactone 2.
Experimental Section
All reactions involving moisture-or air-sensitive reagents were performed in oven-dried glassware under N 2 . Chemical shifts (δ) are quoted in parts per million and referenced to internal TMS for 1 in anhydrous MeOH (20 mL) and the mixture was stirred for 2 h. The solvent was removed and CH 2 Cl 2 (10 mL) and 2 N HCl (10 mL) were added. The layers were separated, the aqueous layer was extracted with CH 2 Cl 2 (3x5 mL), the organic layer was dried over MgSO 4 and solvents were removed to give (S)- The enantiomeric purity of the alcohol 5 was determined by HPLC analysis of the corresponding benzoate (13) prepared by reaction of 5 with benzoyl chloride. Racemic ester was separated into two peaks of t R 6.3 min (R enantiomer) and 7.3 min (S enantiomer) employing a column CHIRALPAK ® IA (0.46 cm Ø x 25 cm) with hexane. The enantiomeric excess of (S)-5 was 98%. 
(S)-Undec-1-yn-3-yl benzoate (13

(S)-4-tert-Butyldimethylsilyloxydodeca-1,2-diene (7).
A solution of tert-butyldimethylsilyl chloride (1.10 g, 7.3 mmol) in anhydrous THF (15 mL) was added dropwise under N 2 to a stirred solution of 4 (0.665g, 3.6 mmol), imidazole (0.62 g, 9.0 mmol) at rt. The mixture was stirred for 3 h and then quenched with saturated aqueous NH 4 Cl (10 mL). The layers were separated, the aqueous layer was extracted with CH 2 Cl 2 (3 x 10 mL), and the combined organic extracts were dried over Mg 2 SO 4 .
Filtration, followed by solvent removal and chromatography (silica gel, hexanes/AcOEt 98:2) gave 7 After 10 min at 0 o C the reaction was allowed to warm to rt and the mixture was stirred for 4 hours. A solution of H 2 O 2 (1.5 mL, 33%) and phosphate buffer (1.5 mL, pH=7) was added and the mixture was stirred for 2 h. The volatiles were removed under vacuum and purification by column chromatography After cooling the solvents were removed and CH 2 Cl 2 (5 mL) and saturated aqueous Na 2 CO 3 (5 mL)
were added. After stirring for 30 min the layers were separated and the aqueous layer was extracted with CH 2 Cl 2 (3x5 mL). The organic combined organic extracts were dried over MgSO 4 and the solvents were removed. Chromatographic purification (silica gel, CH 2 Cl 2 /MeOH 99:1) gave 2 as a colorless solid relative stereochemistry results from the addition of the (Z)-2-alkenylborane to the opposite face of the aldehyde. 
